EPOL is the imaging polarimeter part of EPICS (Exoplanet Imaging Camera and Spectrograph) for the 42-m E-ELT. It is based on sensitive imaging polarimetry to differentiate between linearly polarized light from exoplanets and unpolarized, scattered starlight and to characterize properties of exoplanet atmospheres and surfaces that cannot be determined from intensity observations alone. EPOL consists of a coronagraph and a dual-beam polarimeter with a liquid-crystal retarder to exchange the polarization of the two beams. The polarimetry thereby increases the contrast between star and exoplanet by 3 to 5 orders of magnitude over what the extreme adaptive optics and the EPOL coronagraph alone can achieve. EPOL operates between 600 and 900 nm, can select more specific wavelength bands with filters and aims at having an integral field unit to obtain linearly polarized spectra of known exoplanets. We present the conceptual design of EPOL along with an analysis of its performance.
INTRODUCTION
Direct imaging of exoplanets at visible wavelengths has several advantages as compared to the near-infrared part of the spectrum. It is the combination of the smaller diffraction limit combined with the polarimetry that allows the EPOL to reach significantly smaller inner working angles where smaller exoplanets, and in particular, rocky exoplanets, are more likely to be detected. Polarimetry works exceedingly well in the bright areas within the field of view and can achieve an additional contrast improvement of up to 5 orders of magnitude if there are enough photons, which is always the case close enough to the central star. We therefore expect that EPOL will reach down to 10 mas distance from the central star. The visible wavelengths also have the advantage that we can use demodulating CCD cameras, a technology that provides unparalleled polarimetric sensitivity. EPICS [1] [2] [3] is an instrument for the detection and characterization of extra-solar planets with the 42-m E-ELT using extreme adaptive optics, coronagraphy, integral field spectroscopy, and polarimetry. The EPICS polarimeter EPOL is designed as a polarimetric imager with an optional integral-field spectrograph. The reason to go for an imager is the desire to have very high spatial resolution and a substantial field of view. As polarimetry is largely photon-noise limited, an imager can combine photons from a large wavelength range, which is highly efficient for the polarimetric detection of exoplanets. There are two reasons 4 why the measurement of polarization, or polarimetry, provides additional benefits for the detection and characterization of exoplanets, circumstellar disks, stellar jets, and other circumstellar material: 1) as the stellar light is unpolarized to a very high degree but the stellar light scattered by exoplanets is polarized, polarimetry provides a unique way to distinguish an exoplanet or other circumstellar material from the stellar light halo due to the Earth's atmosphere and the optics of the telescope and the instrument; and 2) the amount of linearly polarized light and its direction has additional diagnostic value that cannot be obtained from intensity observations alone.
Background suppression
While the integrated, broadband light from a solar-like star is polarized at a level well below 10 -6 , the observed stellar light in EPOL will be polarized at a level of a few percent due to interstellar polarization, and in particular, instrumental polarization induced by non-normal reflections in the telescope and the instrument. However, both interstellar and instrumental polarization is constant over the small field of view of EPOL. As such, a polarized exoplanet signal appears as a spatial fluctuation on top of the flat background signal.
The polarimetric background suppression itself is limited by the photon noise and by systematic errors in the polarimetry. With a careful design of EPOL, we can reduce the systematic errors to a level of 10 -5 , and therefore photon noise will be the limiting factor over much of the field of view of EPOL. 
Diagnostic value
The polarization of light is greatly affected by the physical mechanism and the geometry that scatters the light. As such, the polarization measurements can distinguish between different scattering processes that produce almost identical scattered intensity.
As the orientation of linear polarization scattered by an exoplanet is expected to be close to tangential with respect to the star, polarimetry provides an easy way to distinguish an exoplanet from a background source. Indeed, from a single measurement, EPOL will be able to distinguish exoplanets from background sources to a high degree.
In the case of exoplanets, polarization will be able to provide information on the atmosphere, aerosols and their composition, the height of clouds, and the presence of major rings. For circumstellar disks, EPOL will be able to help distinguish dust grain size from composition, and therefore provide much better constraints on the grain size distribution.
REQUIREMENTS

Top Level Requirements
The requirements for EPOL are based on two different science cases: 1) Detection and characterization of mature gas giants at orbital distances between ~5 and 15 AU in the solar neighborhood (< ~20 pc) and 2) Detection and first-order characterization of warm, Neptune-like planets and massive rocky planets and super-Earths around very nearby stars (distance 10pc) with the ultimate goal of detecting such planets located in the habitable zone (HZ) for M-dwarfs and very close systems < 4 pc. Our contrast requirements are directly derived from these science cases and assume 10 hours telescope time, reference seeing conditions, 5 detection, for differential signal contrasts (I 1 (planet)-I 2 (planet))/ (I 1 (star)+I 2 (star)) where I 1 and I 2 are fluxes in two spectral bands (on/off CH 4 absorption) or I(parallel) and I(perpendicular) for polarimetry: 
BEAM-EXCHANGE POLARIMETRY
Simultaneous observations of two orthogonal polarization states with a polarizing beam-splitter combined with a variable retarder that exchanges the polarization sense of the two beams and the corresponding data reduction significantly reduce the sensitivity of the instrument to differential wavefront errors induced by the polarization modulator and remaining temporal changes in the wavefront. Even if there is a difference in the PSFs between the two modulation states, the undisturbed polarimetric information can be extracted from the data (see below).
A sensitive method for stellar spectro-polarimetry that can also be applied to high-contrast imaging polarimetry is based on a rotatable wave plate and a polarizing beam-splitter, which produce two beams corresponding to oppositely polarized light 5 . The wave plate has two positions such that the polarization of the two beams can be exchanged. Both beams are recorded simultaneously. The wave plate is then rotated and another pair of images is recorded. The four measurements of the same object are then combined to obtain an estimate of the Stokes Q/I (U/I, V/I) ratio that is largely free of effects from seeing and gain variations between different detector areas if the polarization signal is small. This approach has been used in stellar spectro-polarimetry with great success. The beam-exchange technique has been extensively used in solar polarimetry and stellar (spectro)-polarimetry, and routinely achieves a sensitivity of ~10 -5 even when employing slow modulators. Simulations of the EPOL dual beam system show that indeed the implementation of the beam-exchange technique in the data reduction improves the contrast by an order of magnitude (see 2). It is assumed that the differential aberrations have a value of 0.5 nm between the FLC states, and 5 nm between the two beams (due to the polarizing beam-splitter). Both these numbers are based on components that are procured for SPHERE/ZIMPOL [7] [8] [9] . Photon noise was not implemented in this simulation. For most stars, the photon noise for several hours of integration times is higher than the systematic effects shown in Figure , and therefore photon noise will dominate these measurements, at least outward of 30 mas. Further simulations will be performed to more accurately estimate the upper limits for the allowed differential aberrations.
SYSTEMS DESIGN AND ANALYSIS
Systems overview
EPOL is the visible-light coronagraphic imaging polarimetry part of EPICS. Much of its design heritage comes from SPHERE/ZIMPOL 7-9 with the main difference that the driver behind the two-beam system is not photon-collection efficiency but the removal of differential aberrations of the liquid-crystal modulator by simultaneously observing both polarization states for each of the two polarization modulation phases. This requires that the two beams coming from the polarizing beam splitter have as much optics in common as possible.
The EPOL block diagram is shown in Figure 1 . EPOL starts with a collimated beam coming from the eXtreme Adaptive Optics (XAO) subsystem. A two-mirror camera imaging optics with an integrated pupil apodizer creates an image on the coronagraph focal-plane mask. This focal plane is subsequently reimaged onto the detector with components for the polarimetry between the collimator and the camera lens. A simple Integral Field Unit (IFU) for spectro-polarimetry of known exoplanets can replace the reimaging optics.
Key Features
The basic principle of high precision polarization measurements includes a fast polarization modulator with a modulation frequency in the kHz range, combined with an imaging polarimeter that demodulates the intensity signal in synchrony with the polarization modulation [10] [11] [12] and a polarizing beamsplitter. The polarization modulator system converts the polarization signal into a modulation of the intensity. The intensity modulation is recovered by two demodulating detectors that provide a polarization signal (difference in intensity between the two polarization modulator states) and an intensity signal (sum of two polarization state measurements) in each spatial pixel.
Since the measurement is differential in time (modulation) and space (two beams), systematic error sources are dramatically reduced. Key advantages of this technique are:
• images for the two opposite polarization modes are created practically simultaneously if the modulation is faster than the seeing variations;
• both images are recorded with the same detector elements (same pixels), and flat-fielding problems are strongly reduced;
• differential aberrations between the two images (opposite polarization modes) are only introduced by the polarization modulator and the component in front of it; no differential aberrations are introduced by the components after the modulator;
• the differential (polarization) signal is not affected by chromatic effects due to telescope diffraction or speckle chromatism.
Nevertheless, special attention has to be paid to the following effects, which can introduce substantial, systematic errors in the measured polarization:
• differential aberrations between the two polarization modes: this must be minimized by a high quality polarization modulator and an appropriate polarimetric concept of the instrument;
• detector non-linearity: this problem can be relaxed by reducing the instrumental polarization at the position of the modulator;
• instrumental polarization and polarization cross talk due to inclined surfaces in the beam: this problem must be reduced with an appropriate design concept that takes the polarization effects into account from the very beginning;
• calibration of residual instrumental effects due to component inhomogeneities (dust, scratches, diffraction spikes, ghosts) with a combination of polarization switching, angular differential imaging, detector dithering, and dedicated instrument monitoring.
The proposed EPOL concept tries to minimize all these effects without affecting the performance of the AO-system and the coronagraph.
Polarimetry concept
EPOL measures the polarization at the position of the fast modulator. Hence, it would be beneficial to have the modulator as early in the beam as possible. Indeed, the best position for the polarization modulator would be in the intermediate focus of the E-ELT before any oblique reflections. As access to this focus may not be available, the EPOL high-precision polarimeter is located after many components. This has the advantage that potentially harmful differential aberrations introduced by the polarization modulator are much less important when introduced behind the coronagraph that attenuates the stellar light by orders of magnitude.
The EPOL polarimetry concept is a SPHERE/ZIMPOL-like solution with an additional rotatable half wave plate in the intermediate focus of the E-ELT. The half wave plate will be used as a (slow) switch and for the rotation of the polarization into the direction of the M5 mirror, to minimize polarization cross talk effects from linear into circular polarization. A polarization-calibration unit will be located near the Nasmyth focus so that the polarization effects of all components in EPICS/EPOL can be calibrated.
Unfortunately, EPICS is currently foreseen for a lateral Nasmyth port, despite the fact that, for polarimetry, it would be a significant advantage if EPICS would be located at the straight-through Nasmyth focus, which avoids the additional polarization crosstalk between mirrors M5 and M6. ) is required to achieve the low instrumental polarization requirement (P inst < 1%) at this position. The polarization modulator (modul.) is followed by a polarizing beamsplitter (pol. BS) and two detectors (det. 1,2). The arrows indicate suitable positions for polarimetric calibration components.
The EPOL polarimetry components (see Fig. 3 ) are:
• a polarization switch in the intermediate focus • a half-wave plate after mirror M6 to derotate the telescope polarization,
• a compensator plate before the modulator to compensate telescope and instrument polarization, and
• a fast polarization modulator after the coronagraph system.
This EPOL concept will allow us to
• disentangle spurious instrumental signals from real signals with the rotatable HWP in the intermediate focus that switches the polarization signal from the sky, while all instrumental effects remain the same. Subtraction of images taken with the two switch positions will cancel most instrumental effects;
• achieve a very high polarimetric sensitivity despite the fact that there are optical components that introduce substantial instrumental polarization this is achieved by compensating the instrument polarization to a low level with an active compensator plate within EPOL.
• Possibility to achieve a reasonable absolute polarimetric accuracy this is achieved with a dedicated observing and calibration strategy. Planet detection and characterization depend not critically on the polarimetric calibration since the planet polarization is measured as additional signal on top of the PSF of the central star, which can be used as zero polarization reference.
• Possibility to reach high system efficiency in terms of throughput, operation efficiency, and polarimetric efficiency by optimizing the instrument for the primary science goal.
Impact of mirror M6 on EPOL
Oblique reflections introduce linear polarization as well as a phase shift, i.e. they transform linear into circular polarization. As EPOL is not sensitive to circular polarization, a phase shift reduces the (linear) polarimetric sensitivity. All these effects go roughly with the square of the angle of incidence. A single reflection with a 45-degree angle of incidence with an aluminum coating introduces several percent of linear polarization and reduces the (linear) polarimetric efficiency also by several percent. It is important to note that the polarimetric efficiency depends on the relative angle between the polarization and the plane of incidence. If the polarization is in or perpendicular to the plane of incidence, no loss in (linear) polarimetric efficiency occurs.
As oblique reflections create linear polarization that is about 1000 times larger than that of an exoplanet, it is crucial to minimize the number of oblique reflections in the E-ELT + EPICS system. As such, the straight-through Nasmyth port is the preferred choice for polarimetry with EPICS. The straight-through Nasmyth port has less than half the instrumental polarization as compared to the lateral Nasmyth port with an M6 as M4 and M5 have less than 45 degrees inclinations. Furthermore, M4 and M5 rotate with respect to M6, which makes for a much more complicated instrumental polarization behavior and leads to a reduction of polarimetric efficiency for elevations around 45 degrees. Finally, EPICS/EPOL looks for spatial variations in the linear polarization signal, and oblique reflections close to a focus are therefore most cumbersome.
It is also important to keep the M6 coating as simple as possible. Enhanced coatings with several thin-film layers tend to introduce highly wavelength-dependent instrumental polarization and polarization cross-talk effects that are difficult to compensate over a broad wavelength band within EPICS/EPOL. It also does not seem to be feasible to produce broadband, highly reflective thin-film coatings on large mirrors that do not introduce instrumental polarization.
Calculations have been performed with ZEMAX and a custom script to compute Mueller matrices at 500 nm of the E-ELT up to the Nasmyth focus, with and without an M6. All mirrors are assumed to have a bare aluminum coating. Various zenith angles are considered. The matrices are derotated in the Nasmyth focus, such that they can be compared.
without M6 with M6 z=0 z=45 Without M6 the polarization efficiency is stable and close to 100% for Stokes Q. M6 makes the efficiencies for Stokes Q (and U) variable with an amount of ~3%. These numbers are dependent on wavelength (with smaller effects at larger wavelengths) and angle of incidence (making the instrumental polarization dependent on pupil position). Note that complicated coatings are likely to make these numbers worse. Without M6 the telescope polarization will be stable, and is the impact of cross talk an order of magnitude lower for EPOL, so that the calibration of the polarization signal is much more accurate and far less time consuming.
Coronagraphy
The baseline coronagraphic mode for EPOL is an apodized Lyot coronagraph (APLC), which has the advantages of
• only minor polarimetric effects;
• very good rejection of diffracted light for small separations (at large separation the performance is comparable to the classical Lyot coronagraph);
• achievable extinction levels of about 100-1000 is sufficient to reduce the PSF peak so that sensitive search in the PSF is possible.
The EPOL coronagraph will have exchange mechanisms for focal plane masks and pupil stops. A single pupil apodizer will be placed upstream of the coronagraph focal plane. Slightly transparent focal plane masks (on substrates) allow us to recover the exact location and intensity of the central star. Other coronagraph concepts may be implemented in the exchange mechanism (e.g. classical Lyot coronagraph or 4QPM), and non-coronagraphic observations can be recorded, too.
Cascading differential polarimetry
EPOL will search for faint, point-like polarization flux feature on top of a much stronger, unpolarized PSF of the accompanying star. To achieve a polarimetric sensitivity of 10 -5 , EPOL observations will have to be carried out such that systematic effects due to the telescope and the EPICS common-path optics can be compensated (subtracted) with differential techniques. The detection of such a polarization signal is therefore based on a cascade of differential techniques, which require specific observing procedures. The following differential techniques will be used:
• Fast modulation/demodulation: Fast polarimetric modulation/demodulation is the basic polarimetric technique.
It provides a high sensitivity because differential optical aberrations are minimized as opposite polarization states pass through the same optical components and are registered with the same detector pixel.
• Detector demodulation compensation: Two-phase demodulation calibrates charge transfer differences. For every second exposure the demodulation sequence is inversed in order to subtract the differences in charge transfer for the buffer row below and above the open (integrating) pixel row.
• Detector dithering: Image dithering is used to average down the pixel-to-pixel efficiency differences of the detector. Image shift are introduced after one or several polarimetric observing cycles.
• Instrument polarization compensation: The EPOL fast modulation / demodulation system measures the polarization at the position of the modulator. This includes the polarization from the target, but also all polarization effects introduced by the telescope, the AO system, and the coronagraph located in front of the modulator. These instrument polarization effects are compensated with the HWP switch located in the intermediate focus. If the HWP is rotated by 45 degrees then the polarization directions from the sky target and telescope mirror M1 and M2 are swapped while all instrumental effects introduced later in the beam remain unchanged. A simple subtraction of polarization images taken with different HWP switch position cancels all instrumental effects to a high degree. A HWP switch will be made after a time interval (30s -5 min) depending on the variability time scale for the instrument polarization.
• Field and telescope pupil rotation: Another important method to disentangle real signals from spurious instrumental effects is the use of the rotation of sky targets and the telescope pupil rotation with respect to the fixed instrument. Only features that rotate as expected for a sky object can be real scientific signals. Stable features or features rotating like the telescope pupil can be assigned to instrumental effects.
Calibration
Astrometric and photometric calibrations: Standard type calibrations (flat-field, sky flat) are required for a quantitative evaluation of the Stokes I images. In addition we foresee for coronagraphic imaging a slightly transparent masks (T 10 -4 ) which allows relating the target brightness or the target position accurately to the brightness or the position of the central star. If non-transparent masks are used then one can take after the coronagraphic observations a short noncoronagraphic image (eventually with strong neutral density filter) to pinpoint position and brightness of the central star for a given setup.
Polarimetric calibrations: Polarimetric calibrations of the telescope and instrument are required to convert a detected polarization signal into a quantitative linear polarization signal.
Calibrations are required for the polarization effects introduced by the telescope, the instrument zero point of the polarization position angle, and the polarization efficiency. These quantities may depend on telescope orientation, wavelengths, and instrument configuration and may change over time due to ageing effects of optical components.
The current concept foresees three different types of polarimetric calibrations: calibrations for the telescope polarization, calibrations for the common path optics and the EPOL coronagraph, and calibrations for the modulation / demodulation detector system. The EPOL calibration concept splits the instrument in three sections:
• Telescope up to the HWP in front of the AO system; • Common path (AO and coronagraph) up to the EPOL fast modulator; and • the EPOL modulation and demodulation. Common path and EPOL modulator/demodulator have each their own insertable calibration components (linear polarizer, circular polarizer and quarter wave plate), which can be used together with the internal calibration lamps located near the Nasmyth focus and after the coronagraph. This allows the individual calibration of the individual instrument sections mostly with day time calibrations. The telescope polarization has to be measured and calibrated with on sky observations using unpolarized and polarized standard stars.
To minimize the calibration efforts, a polarization model can be developed for the whole instrument based on the calibration measurements.
DESIGN DESCRIPTION
Detector and Image Demodulation
The demodulating array detector for the EPOL needs to have the following characteristics:
• 1000 1000 spatial resolution elements or more • same detector pixels (and if possible the same processing electronics) are used for both image planes equivalent to the two opposite polarization modes, so that the pixel efficiency can be ratioed out in the reduction process • maximum demodulation frequency faster than seeing and adaptive optics variations ( 1 kHz)
• read-out noise lower than photon shot noise for primary science targets (for a full well capacity of 10 5 photoelectrons the read-out noise should be 10 e -) • high quantum efficiency ( 70%)
• high demodulation efficiency ( 95%)
• no significant detector overhead to register photon fluxes of 10 5 -10 6 per sec and pixel.
The baseline is a conservative concept based on the SPHERE/ZIMPOL detector technology, which uses a masked CCD operated as a synchronous demodulator. In the SPHERE/ZIMPOL CCD design every second row pair of the CCD is covered by an opaque mask. The rows screened from light serve as temporary buffer rows, which allow separation of the photo-charges generated in two different phases of the modulation, by shifting the charges back and forth in the vertical (column) direction, synchronously to the modulation. The CCD is read out after integration over many modulation cycles. Demodulation is accomplished by calculating the relative difference between corresponding rows.
The detector concept is based on a mosaic of four 2k x 4k frame transfer CCD with 15μm pixels (e2v CCD 44-82 bi). Only one half of the detectors will be used for detection the other half is used for read out during the integration of the next image. The detectors will be equipped with micro-lens / stripe mask arrays on the imaging area. The 2k x 4k CCD is operated like a 1k x 2k CCD with 2 x 2 binned pixels with an effective pixel size of 30μm. This binning is done to reduce pixel-to-pixel cross talk effects (due to charge diffusion and light scattering) between the open and covered rows.
It seems not practical to consider just one large 4k x 8k frame transfer CCD, instead of a mosaic of 4 CCDs. The reasons are that large CCDs have longer line transfer times what would reduce significantly the demodulation efficiency. Also the frame transfer time is longer and shift operations without shutter would be critical.
This baseline concept is very conservative since it is just based on the proved concept of SPHERE/ZIMPOL. Other types of detectors may become available for EPOL in the near future -for example based on CMOS technology or based on avalanche diode array or other technologies. The main difference for the optical design concept for all these more advanced detectors would be a smaller detector scale of 1 mas / 22.5 μm to 1 mas / 10 μm, significantly smaller compared to the baseline (1 mas / 45 μm) proposed here. Thus the required f-ratio would be smaller, perhaps substantially smaller (and certainly not larger) for all these alternatives when compared to our detector baseline.
Optical Design
The optical design shown in Fig. 4 was guided by the following principles:
• Minimum number of fold mirrors to minimize instrumental polarization and uncorrected wavefront errors;
• Both arms after the polarizing beamsplitter have to be as similar as possible to reduce differential aberrations;
• Image scale at coronagraph focal mask compatible with smallest size than can be manufactured; and • The detector will be moved in x and y to fully image the entire field of view. coronagraph focal point by the way of a telescope, which is made of an f/2 parabolic and an f/30 ellipsoidal mirror. Two flat mirrors with small angle of incidence fold the beam between the telescope and the focal point.
A doublet (f=180 mm) produces a collimated, 6-mm diameter beam that passes the calibration optics (not always in the beam), a Lyot stop located in an exchange mechanism at the pupil plane (rotating), and a polarization compensator (tilt 0-60 degrees, rotating 360 degrees). To achieve high sensitivity for polarization, the instrumental polarization created upstream of EPOL needs to be compensated to create near-zero polarization over the entire field. A tilted, uncoated glass plate can achieve this compensation. For corrections up to 15% polarization, the plate's tilt angle needs to reach close to 60 o .
Furthermore, the collimated beam passes a temperature-controlled FLC (ferro-electric liquid crystal). The FLC can be considered as a true zero-order half wave plate with an optical axis that can be rotated between 0 and 45 degree by applying a voltage. The FLC is combined with another zero-order half wave plate to extend its wavelength range in a type of achromatic design 12 . The zero-order half wave plate is a plate located after the FLC for ghost purposes. The beam also passes the filters in a filter wheel and is focused through a camera doublet and a polarizing beamsplitter onto an f/221 focus. The maximum size of high-quality beamsplitters that can be manufactured is about 60 mm on a side. This is why this component is located close to the camera in to keep the footprints small enough to fit into the 60 mm side surface. A field lens used also as the cryostat window produces a telecentric beam required to focus the light correctly onto the micro lens array in front of the detector. μm at =700 nm. The optical path is considered from the deformable mirror onwards. The WFEs are always lower than 10 nm RMS.
Mechanical Design
EPOL is designed as a unit on its own optical bench. The optical geometry is in a single plane. The optical units are mounted on the optical bench and easily accessible. The optical design is driving the mechanical design. In the mechanical design the space needed for the optics, the mechanisms and the support structure becomes visible. Also the folding of the beam for a useful layout can easily be done in the mechanical model. Iterating in close co-operation between the optical and the mechanical design the presented model is developed. In principle the design is the similar as used for ZIMPOL. The design is optimized both for accurate machining of the parts as well as to provide a very stable and rigid instrument.
All parts will be made out of aluminum 6061. The parts are made by CNC milling and stress relieved by heat treatment when required. The use of commercial tables is preferred. The Melles Griot tabletop is stainless steel.
In the layout the considerations are: 
